An integrated genomic and functional analysis to elucidate DNA damage signaling factors promoting self-renewal of glioma stem cells (GSCs) identified proliferating cell nuclear antigen (PCNA)-associated factor (PAF) up-regulation in glioblastoma. PAF is preferentially overexpressed in GSCs. Its depletion impairs maintenance of self-renewal without promoting differentiation and reduces tumorinitiating cell frequency. Combined transcriptomic and metabolomic analyses revealed that PAF supports GSC maintenance, in part, by influencing DNA replication and pyrimidine metabolism pathways. PAF interacts with PCNA and regulates PCNA-associated DNA translesion synthesis (TLS); consequently, PAF depletion in combination with radiation generated fewer tumorspheres compared with radiation alone. Correspondingly, pharmacological impairment of DNA replication and TLS phenocopied the effect of PAF depletion in compromising GSC self-renewal and radioresistance, providing preclinical proof of principle that combined TLS inhibition and radiation therapy may be a viable therapeutic option in the treatment of glioblastoma multiforme (GBM).
G lioblastoma multiforme (GBM) is an aggressive primary brain tumor with a poor prognosis owing, in part, to resistance to both chemotherapy and radiation therapy (1) . GBM possesses a subpopulation of cells exhibiting stem cell-like properties, including self-renewal activity, multilineage differentiation potential, and stem cell marker expression (2) (3) (4) , as well as reliance on stem cell pathways, such as the Notch and Hedgehog/GLI1 pathways (5, 6) . Numerous structural proteins, transcription factors, and cell surface proteins have been proposed to define glioma stem cells (GSCs), including OLIG2 (7), SOX2 (8) , Nestin (9), CD133 (10, 11) , and SSEA1 (12) , although no definitive GSC marker has been identified to date (13) . Thus, the assessment of stemness of glioma cells is typically complemented by functional assays, such as in vitro neurosphere formation (a readout for proliferation and self-renewal), evaluation of the cellular hierarchy within the tumor (an assessment of cellular multipotency potential), and limiting dilution measurement (the gold standard for determining stem cell frequency). Because these GSCs show robust tumorigenic potential and therapeutic resistance (4, 10, 14) , significant effort has been devoted toward understanding the molecular mechanisms underlying GSC biology, with the goal of illuminating pathways and targets that may improve the treatment of GBM.
GBM is characterized by a high proliferative index (15) and aberrant constitutive DNA damage signaling (16) . In response to DNA damage, normal cells activate the DNA damage response (DDR), utilizing a variety of DNA damage sensing and repair pathways (e.g., base excision repair, nucleotide excision repair, homologous recombination, nonhomologous end-joining, mismatch repair, direct reversal) to maintain genomic integrity, whereas the inability to repair DNA damage leads to apoptosis (17) . In contrast, glioma cells harboring significant ongoing genome instability alter DDR processes, including the preferential activation of DNA damage sensing (e.g., ATR/CHK1, ATM/ CHK2) and repair (e.g., PARP1) pathways (10, (18) (19) (20) , to better cope with DNA double-stranded breaks (DSBs) when exposed to ionizing radiation. As ionizing radiation also results in replication fork stalling, one would anticipate that GSCs may also up-regulate pathways that enable the bypass of unrepaired DNA lesions during DNA replication, a process known as DNA translesion synthesis (TLS), to minimize additional DSBs that would arise Significance Glioblastoma multiforme (GBM) is uniformly lethal and shows resistance to all forms of therapy. Glioma stem cells (GSCs) have been shown to support GBM maintenance and exhibit enhanced resistance to ionizing radiation, a cornerstone of GBM therapy. This study establishes that proliferating cell nuclear antigenassociated factor (PAF) depletion profoundly reduces GSC frequency and tumorigenicity, in part, by down-regulating DNA replication and pyrimidine metabolism. Moreover, PAF depletion impairs error-prone DNA translesion synthesis (TLS) and enhances sensitivity of GSCs to radiation treatment. Pharmacological impairment of DNA replication and TLS diminished GSC maintenance and radioresistance, illuminating a potential GBM treatment strategy of combined TLS inhibition and radiation therapy.
from the stalled replication forks. A key step in the regulation of TLS includes the monoubiquitination of proliferating cell nuclear antigen (PCNA) by the Rad6/Rad18 enzymes to facilitate the switch from error-free DNA polymerases to low-fidelity TLS polymerases (including DNA polymerase η) to bypass the DNA lesion (21) . Thus, the levels of monoubiquitinated PCNA and the frequency of cells with DNA polymerase η foci provide a reliable, albeit indirect, method by which to evaluate TLS. Whether TLS influences GSC self-renewal, tumorigenicity, and radioresistance has not been explored previously.
To identify new molecular determinants governing GSC selfrenewal independent of any conventional GSC markers, and thereby enable exploration in a wider spectrum of glioma cells with GSC-like functional properties, we undertook an integrated genomic and functional approach by overlapping a list of DDR genes that were overexpressed in GBM relative to the normal brain (which included putative radioresistance genes in GBM), with a second list of genes that were derived from the transcriptomic comparison of noncancerous neural stem cells (NSCs) with or without telomere dysfunction (which included genes that influence self-renewal and radioresistance) (22) (23) (24) , hypothesizing that these filters would enhance the identification of stem cell-enriched genes functioning in GBM. This approach uncovered the PCNA-associated factor (PAF) as a GSC-enriched DDR gene with a role in GSC self-renewal, tumorigenicity, and radioresistance. Our work identified an association between high-PAF expression and TLS activity in GSCs and established that inhibition of TLS enhances the radiosensitivity of GBM. 
Results

DNA repair pathways
MMR [23] BER [17] NER [51] HR [28] NHEJ [14] Fanconi Anemia [25] TLS [36] LGG GBM , and USP1 mRNA expression levels in low-grade glioma (LGG) and GBM in the TCGA dataset. RPKM, reads per kilobase of transcript per million mapped reads. Immunohistochemistry (IHC) scores of PAF in different grades of glioma using glioma patient tissue microarray (D) and representative images of the respective IHC scores (E) are shown. (Scale bars: 100 μm; Inset, 20 μm.) (F) Analysis of correlation between PAF mRNA expression levels and glioma patient overall survival (P < 0.01 by log-rank analysis). HR, hazard ratio.
Genome Atlas (TCGA) dataset for GBM relative to normal brain ( Fig. 1A and Datasets S1 and S2), and then integrated these with DDR genes that were differentially expressed in normal murine neural stem/progenitor cells (NSPCs) with impaired self-renewal potential due to "endogenous" DNA damage from shortened telomeres (22) (23) (24) (Fig. 1A) . We reasoned that the integration of these two datasets would enrich for stem cellrelevant DDR genes that might impact GSC self-renewal and radioresistance, without overreliance on imprecise GSC markers.
With this approach, we identified four genes [false discovery rate (FDR) < 0.01], namely, PAF (also known as KIAA0101), BLM (Bloom Syndrome Protein), RPA2 (Replication Protein A 2), and USP1 (Ubiquitin Specific Peptidase 1) (Fig. 1A) . Strikingly, all of these genes are implicated in TLS (Fig. S1A) . With respect to TLS, PAF regulates the sliding of PCNA along the DNA and facilitates the switch from error-free to error-prone DNA synthesis (25) . BLM recognizes DNA adducts that are associated with stalled replication forks in addition to G4 DNA junctions (26) . RPA2 coats single-stranded DNA at sites of DNA damage and recruits E1 (Rad6) and E3 (Rad18) to monoubiquitinate PCNA, which leads to the switch to error-prone DNA synthesis (27) , while USP1 deubiquitinates monoubiquitinated PCNA (28) . In this study, PAF was chosen for further in-depth study as it was the only gene with significant enrichment in human NSPCs relative to differentiated brain cells, including primary astrocytes (approximately eightfold) (Fig. 1B) , suggestive of its potential role in stem cell self-renewal/proliferation.
To further assess the relevance of PAF in GBM, we compared its mRNA levels in low-grade gliomas versus GBM in the TCGA database, revealing PAF versus BLM, RPA2, or USP1 mRNA expression was dramatically higher in GBM relative to low-grade gliomas (approximately eightfold for PAF versus approximately twofold for BLM, RPA2, and USP1) (Fig. 1C) . Tissue microarray analysis of PAF protein levels in 172 patient samples showed negligible expression in the normal brain, low expression in lowgrade astrocytomas, and robust expression in high-grade gliomas ( Fig. 1 D and E) . The Repository for Molecular Brain Neoplasia Database datasets revealed a negative correlation between PAF and overall survival (Fig. 1F) .
Next, we asked whether PAF is preferentially expressed in GSCs and noncancerous murine NSPCs. We found that PAF expression colocalized with cancer stem cell markers, including CD133, SOX2, and OLIG2 ( Fig. 2A ), but not with differentiated cell markers, including GFAP and TUJ1 (Fig. 2B) . Western blot analysis confirmed elevated PAF expression in most GBM patient-derived GSCs compared with noncancerous human NSPCs ( Fig. 2C ) and in oncogenic-transduced human NSPCs and isogenic GSCs derived from experimentally generated GBM relative to the parental NSC as described previously (29) (Fig.  S1B) . Notably, PAF protein and mRNA levels were also higher in radioresistant CD133 + GSCs (10) (Fig. S1 C and D) . (Fig. 2F) . Importantly, PAF expression was specific to NSPCs in the mouse subventricular zone (SVZ), and, correspondingly, there was markedly decreased PAF expression with near-complete eradication of NSPCs (Nestin + and Sox2 + ) in the telomere dysfunctional/G5 mouse model (Fig. 2D) . Together, these clinical and experimental data raise the possibility of a role of PAF in GSC biology.
PAF Supports GSC Self-Renewal, Tumorigenicity, and Tumor Heterogeneity.
We next assessed whether PAF levels influenced GSC self-renewal and clonogenicity. In multiple GSC lines, PAF depletion robustly diminished the number of tumorspheres ( Fig. 3A and Fig. S2A ), indicating impaired GSC self-renewal with lower PAF levels. PAF depletion also significantly decreased GSC colony formation in soft agar assays (Fig. S2B) . Conversely, gain-of-function analysis showed that enforced expression of PAF in the TS586 cell line with relatively low-baseline PAF expression ( Fig. 2C ) resulted in a dramatic increase in colony formation (Fig. S2C) . Moreover, in murine intracranial injection tumor studies, firefly luciferase-labeled, PAFdepleted GSCs generated smaller volume tumors and fewer mice with tumors, whereas control GSCs produced large tumors with high penetrance (Fig. 3 B and C) . Upon pathological analysis, PAFdepleted GSCs formed either small or no tumors, while PAFexpressing GSCs generated infiltrative, aggressive tumors (Fig. 3D) . Thus, we conclude that PAF inhibition compromises the tumorigenic potential of GSCs.
We next performed systematic analyses to substantiate the role of PAF in enabling GSCs to generate the cellular hierarchy within the tumor using a GFP competition experiment involving orthotopic implantation of GFP-expressing control (GFP (Fig. S2F) . Consistent with the above multilineage analyses illuminating the importance of PAF on cancer cells with stem cell-like properties, PAF-depleted GSCs generated tumors that had reduced Nestin and OLIG2 staining compared with PAF-expressing GSCs, even in a noncompetitive setting (Fig.  S2G) . Given that the silencing of PAF only affected the proliferation of GSCs but not their differentiated counterpart in vitro (Fig. S2H ), these collective data support the interpretation that PAF contributes to the cellular hierarchy within the tumor by regulating GSC self-renewal, rather than serving as a deciding factor between GSC self-renewal and differentiation.
To further validate the role of PAF in supporting GSC stemness, we evaluated the impact of PAF depletion on GSC tumor initiating potential in well-established limiting dilution tumor assays. In in vivo xenografting studies, we demonstrated that mice implanted with PAF-expressing cells developed tumors with a higher incidence rate compared with mice implanted with PAF-depleted cells (Fig. 3G) , consistent with the possibility that PAF supports the frequency of tumor initiating cells. Mice with PAF-expressing GSCs also developed tumors with a shorter latency and decreased survival compared with mice implanted with PAF-depleted cells (Fig. 3H ). The loss of GSC stemness upon PAF depletion was further confirmed by performing the in vitro limiting dilution assays with another GSC line (Fig. S2I) . Together, these results underscore the importance of maintenance of adequate PAF levels in supporting GSC self-renewal and tumorigenic potential.
PAF Influences DNA Replication and Pyrimidine Metabolism in GSCs.
Next, we explored the potential mechanistic bases by which PAF supports GSC maintenance. PAF can influence DNA replication, cell cycle, and TLS pathways (30) (31) (32) ; recently, PAF has been shown to promote cancer through PCNA-independent mechanisms, including the activation of the Wnt/β-catenin pathway in colon cancer cells (33, 34) and MAPK signaling via LAMTOR3 in pancreatic cancer cells (35) . Therefore, we employed immunoprecipitation coupled with mass spectrometry analysis to identify interactors of PAF that may illuminate its important role in GSC maintenance. We found that FLAG-tagged PAF immunoprecipitated only PCNA in GSC lysates (Fig. 4A) , and flow cytometry analysis confirmed that PAF was predominantly coexpressed with PCNA in GSCs (Fig. 4B ), suggesting that PAF may regulate DNA replication and cell cycle progression through its interaction with PCNA in GSC. Western blot analysis of multiple GSC lysates also showed that PAF expression correlated with the expression of CDK4 and Cyclin D1, (Fig. S3A) , supporting the idea that PAF expression may be coordinated with entry into the DNA synthesis phase of the cell cycle. To validate the potential role of PAF in DNA replication, we first performed transient BrdU labeling studies to audit cells that were progressing through DNA replication (S phase of the cell cycle). As expected, PAF depletion resulted in a significant reduction of BrdU + cells relative to the short hairpin nontargeting (shNT)/control shRNA (Fig. 4C ). This S-phase entry blockade was further confirmed by cell cycle propidium iodide (PI) staining (Fig. S3B ) and increased p27 protein levels in PAF-depleted GSCs by Western blot analysis (Fig. S3C) .
In addition to the protein interaction analysis, we performed gene expression profiling of multiple human GSC lines with or without PAF knockdown to identify genes and pathways that correlated with loss of GSC maintenance upon PAF depletion. Gene set enrichment analysis (GSEA) of the differentially expressed genes revealed an enrichment of DNA replication stress response pathways, including cell cycle, DNA replication, DDR, and nucleotide metabolism in PAF-depleted GSCs (Fig. 4D) . These cell cycle, DNA replication, DDR, and nucleotide metabolism pathways also correlated significantly with PAF expression in TCGA GBM tumors, supporting the clinical relevance of PAF in GBM treatment (FDR < 0.05; Fig. S3D ). Of potential significance was the down-regulation of nucleotide metabolism pathways in PAFdepleted GSCs (Fig. 4D and Fig. S3E ) as purine synthesis was recently shown to be important for GSC maintenance (36) .
To determine if altered nucleotide metabolism could also contribute to the loss of GSC maintenance, we complemented our transcriptomic analysis with metabolomic analysis of PAFexpressing versus -depleted GSCs, revealing a significant downregulation of the pyrimidine and arginine metabolism pathways that would result in a reduction of orotate, the precursor of uridine monophosphate for subsequent cytidine triphosphate synthesis (Fig. 4E) . This tracked well with the down-regulation of carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase (CAD) mRNA expression in PAF-depleted GSCs (Fig. S3E) . Consistent with the potential role of pyrimidine metabolism in GSC maintenance, CAD knockdown resulted in a profound decrease in GSC colony formation in soft agar assays (Fig.  4F) . Reinforcing the clinical relevance of CAD and pyrimidine synthesis in GBM, we also observed that CAD mRNA expression was significantly increased in GBM tumors compared with the normal brain (Fig. 4G) , and that higher CAD mRNA expression correlated with shorter survival of patients with IDH1 wild-type GBM (Fig. 4H) . Therefore, we conclude that the loss of GSC maintenance upon PAF depletion can be attributed, in part, to decreased DNA replication and pyrimidine synthesis. (H) Analysis of correlation between CAD mRNA expression levels and IDH1 wild-type GBM patient overall survival (P < 0.05 by log-rank analysis). HR, hazard ratio.
PAF-Associated TLS Activity Influences GSC Radioresistance. Due to its interaction with PCNA, we next evaluated the potential role of PAF in TLS by monitoring the levels of monoubiquitinated PCNA and frequency of cells with DNA Pol η foci in PAF-depleted GSCs. PAF knockdown led to an increase in monoubiquitinated PCNA in the Triton-insoluble fraction of GSCs compared with cells transduced with control shRNA (Fig. 5A) , a level comparable to that seen when DNA damage is induced by UV light (37, 38) . Furthermore, immunofluorescence microscopy of DNA Pol η revealed an approximately twofold increase in GSCs with DNA Pol η foci upon PAF depletion relative to cells transduced to control shRNA, consistent with possible slowed kinetics of switching to DNA Pol κ in PAF-depleted cells (Fig. 5 B and C) . The increase in monoubiquitinated PCNA and GSCs with DNA Pol η foci upon PAF knockdown is consistent with the model that loss of PAF impedes the ability of GSCs to bypass DNA lesions by switching from error-free DNA synthesis to low-fidelity DNA synthesis, which is particularly important given the high level of endogenous DNA damage signaling in GSCs. In accordance with impaired TLS, there was a slight increase in baseline genomic instability of PAF-depleted GSCs (Fig. S4A) . We also examined the connection between PAF and TLS in GBM tumors and found that PAF mRNA levels correlated positively with known components of the PCNA-mediated TLS pathway, including PCNA, Rad6, DNA Pol η, DNA Pol κ, and USP1 in IDH1 wild-type GBM tumors (Fig. 5D ), reinforcing the link between PAF and TLS in this disease. The association of PAF and TLS, coupled with the known radioresistance of GSCs and the use of radiation therapy as a standard of care for GBM, prompted us to assess whether manipulation of PAF levels or TLS activity would impact GSC maintenance in the context of ionizing radiation (10) . To that end, we observed that PAF-depleted GSCs generated fewer tumorspheres than cells transduced with the control nontargeting shRNA following radiation treatment (2 Gy versus no radiation: shNT = 66%, shPAF#9 = 48%, shPAF#10 = 29%); this effect was not observed at higher radiation dose as this GSC line was highly sensitive to 4 Gy alone (Fig. 5E) . Similar results were obtained with a second GSC line (4 Gy versus no radiation: shNT = 60%, shPAF#9 = 29%, shPAF#10 = 44%) (Fig. 5F ). We conclude that PAF promotes GSC radioresistance.
Pharmacological Inhibition of PCNA-Associated DNA Replication and TLS Impairs GSC Maintenance and Radioresistance. As there are no inhibitors of PAF available, we determined the impact of pharmacological inhibition of PCNA-associated DNA replication and TLS using compounds T2AA and ML323 (Fig. S4B) : T2AA binds to PCNA at a PIP-box cavity and blocks the interaction between PCNA and PIP box-containing proteins, including PAF and DNA Pol η (39), and ML323 is a potent USP1-UAF1 inhibitor that inhibits the deubiquitination of PCNA and association of PCNA with error-free DNA polymerase (40) . GSC treatment with these PCNA inhibitors (10 μM, 24 h) resulted in significant down-regulation of the mRNA levels of known GSC markers, suggesting that DNA replication and TLS function support the maintenance of the GSC subpopulation. Specifically, upon PCNA inhibitor treatment, we observed down-regulation of SOX2 and OLIG2 (and a weak trend with Nestin) in TS543, CD133 and SOX2 down-regulation in GSC2, and SOX2 downregulation in TS603 (Fig. 6A) . Finally, we determined the effect of PCNA inhibition on GSC self-renewal and radioresistance. Both PCNA inhibitors significantly reduced GSC tumorsphere formation in a dose-dependent manner, indicating compromised self-renewal (Fig. 6B) . Moreover, both compounds further impaired GSC tumorsphere formation when combined with radiation treatment (4 Gy versus no radiation: DMSO = 32%, 2 μM T2AA = 12%, 2 μM ML323 = 11%) (Fig. 6B) . Collectively, these results support the theory that inhibitors of PCNA-associated DNA replication and TLS may enhance radiosensitivity of PAF-expressing GBM tumors.
Discussion
In this study, an integrated approach identified four TLS-relevant genes, including PAF, BLM, RPA2, and USP1, as stem cellenriched DDR genes in GBM. We observed that PAF expression was enriched in normal NPSCs and in glioma cells expressing "stem cell" markers and contributed to GSC self-renewal, tumorigenicity, and multipotency in vivo. These findings qualify PAF as a GSC maintenance factor, and the connection of PAF and TLS illuminates a potential strategy to overcome the high radioresistance of GSCs.
During self-renewal and proliferation, GSCs encounter various challenges, including replication stress, DNA damage insults, and checkpoint induction, which have a direct impact on genome stability and stem cell maintenance. While DNA damage sensing and repair pathways (18) (19) (20) , as well as chromosomal instability (41) , have been shown to influence GSC function, this study provides experimental evidence that the capacity of GSCs to tolerate DNA damage is crucial for their maintenance and tumorigenic properties. Our study also links PAF and PCNA-mediated DNA replication and TLS in GSC self-renewal and radioresistance. PAF is a known DNA damage-regulated factor that regulates both DNA replication and accessibility of TLS enzymes to PCNA (32) ; the former would explain why PAF depletion alone could profoundly reduce the GSC pool in the absence of radiation treatment. PAF influences TLS by facilitating polymerase switching at PCNA by promoting its proteasomedependent removal from PCNA in the presence of DNA damage (32) . Following lesion bypass, the reassociation of PAF with PCNA enables the release of TLS Pol η and restoration of errorfree DNA synthesis (Fig. S4B) . As both of these polymerase exchanges are critical for efficient lesion bypass, this would explain why PAF depletion could sensitize GSCs to radiation treatment. Furthermore, we demonstrate that the pharmacological perturbation of PCNA-mediated DNA replication and TLS with T2AA or ML323 phenocopies the effect of PAF knockdown in compromising GSC proliferation and radioresistance. Although TLS enzymes are expressed in both normal and cancer cells, the higher expression of the TLS enzymes in cancer cells would suggest that there could be a therapeutic window for the use of TLS inhibitors in cancer. Moreover, we would expect that the use of targeted radiation therapy (as opposed to systemic chemotherapeutic agents) with TLS inhibitors would serve to minimize systemic toxicities on highly proliferative tissues. Finally, the PAF knockout mouse is viable (42) , suggesting that the selective depletion of PAF may be a viable approach as opposed to perturbing TLS through PCNA inhibitors. Together, our findings support the development of selective, potent TLS inhibitors for use in radiation therapy to improve the outcome of GBM treatment.
Methods and Materials
Isolation of Murine NSPCs. All experiments were performed under preapproved institutional animal care and use committee (IACUC) protocols at MD Anderson Cancer Center. All mice were housed in specific pathogen-free conditions in animal research facilities at MD Anderson Cancer Center, which are fully Association for the Assessment and Accreditation of Laboratory Animal Care-accredited and meet NIH standards as set forth in the Guide for Care and Use of Laboratory Animals (43). The heterozygous (G0 TERT ER ) and late-generation homozygous (G4/G5 TERT ER ) mice were generated based on the standard breeding protocol of successive generations of telomerasedeficient mice (23) . All studies were performed on age-and gendermatched adult (3-6 wk old) G0 TERT ER and telomere dysfunctional G4/G5 TERT ER mice. The SVZ of brain from 3-to 6-wk-old TERT ER mice was dissected, and NSPCs were isolated using a Neural Tissue Dissociation Kit (P) (Miltenyi) and plated in NeuroCult Proliferation medium (Stem Cell Technologies) supplemented with EGF and β-FGF (20 ng·mL −1 each). Primary neurospheres were dissociated and expanded to form secondary neurospheres before RNA extraction.
Gene Expression Profiling. Gene expression profiling was performed at the Sequencing and Noncoding RNA Program at MD Anderson Cancer Center. RNA was isolated and hybridized on the GeneChip Mouse Genome 430 2.0 Array or GeneChip Human Genome U133 plus 2.0 Array (Affymetrix) according to the manufacturer's instructions. Raw data (CEL files) were preprocessed using robust multiarray analysis. To identify pathways that were enriched in the G4/G5 TERT ER NSPCs or PAF-depleted GSCs, GSEA (software.broadinstitute.org/gsea/ login.jsp;jsessionid=97D630B8CAD363F0BD517A72CE8F74CA) was performed on genes that were consistently up-regulated or down-regulated compared with the respective controls.
Retrospective Analysis of PAF Gene Expression in Human Gliomas. Correlations between glioma grade and gene expression were determined through analysis of TCGA (https://tcga-data.nci.nih.gov/docs/publications/tcga/) and Oncomine.
Human-Derived GSCs. All human research using GBM tissues and GSCs was conducted under MD Anderson IRB approved protocols. Tissues were collected from patients after obtaining written informed consent (LAB04-0001) and were subsequently analyzed (PA16-0408 Anderson Cancer Center). The GSCs were cultured in human NSC Maintenance Media (Millipore), supplemented with EGF and β-FGF (20 ng·mL −1 each).
Tissue Microarray Immunohistochemistry. The glioma tissue microarray was purchased from US Biomax, and tumors were semiquantified on a relative scale of 0 to 2 (0 = negative, 2 = strongest) in a blind manner.
Vectors and Lentiviral Constructs. FLAG-PAF constructs were generated from pENTR221 vector (clone IOH5885) using QuikChange II site-directed mutagenesis (Stratagene) as specified by the manufacturer, using the following primers: 5′-CTTTGTACAAAAAAGCAGGCACCATGGATTACAAGGATGACGATGACAAGG-CGGTGCGGACTAAAGCAGACAG-3′ and 5′-CTGTCTGCTTTAGTCCGCAC CGCC-TTGTCATCGTCATCCTTGTAATCCATGGTGCCTGCTTTTTTGTACA AAG-3′. These were then cloned into the pHAGE-EF1a-IRES-GFP lentiviral vector by Gateway cloning. The proper construction of all plasmids was confirmed by DNA sequencing. The shRNAs against human PAF (shPAF#9, TRCN0000278497; shPAF#10, TRCN0000278496; and shPAF#11, TRCN0000278552) were purchased from Sigma. GSCs were transduced with viral particles. Down-regulation of the target was evaluated by real-time PCR or Western blot at 72 h postinfection. Anchorage-Independent Growth Assay. Anchorage-independent growth assays were performed in replicates of four in six-well plates. Indicated cells were seeded (1 × 10 4 cells per well) in NSC proliferation media with EGF and β-FGF containing 0.4% low-melting agarose on the top of bottom agar containing 1% low-melting agarose NSC proliferation media with EGF and FGF. After 14-21 d, colonies were stained with iodonitrotetrazoliumchloride (Sigma) and counted.
Intracranial Injection. Female SCID mice aged 6-8 wk were bolted at MD Anderson's Brain Tumor Center Animal Core, as previously described (44) . GSCs were injected in 5 μL of Hank's buffered salt solution. Animals were followed daily for the development of tumors and were killed once they showed neurological deficits or appeared moribund. The brains were removed for tumor cell isolation, paraffin embedding, or optimal cutting temperature (OCT) frozen tissue blocks. All mice manipulations were performed with the approval of the MD Anderson Cancer Center IACUC.
Cell Sorting and Cell Cycle Analysis. The sorting and analysis of CD133 + and CD133 − GSCs were performed with PE-conjugated CD133 (clone no. AC133; Miltenyi). To study the cell cycle of GSCs, BrdU was added to cells, and cells were collected after 2 h for staining using a BrdU Flow Kit (BD Pharmingen). Alternatively, cell cycle analysis was performed by standard PI staining. Briefly, cells were fixed, stained with PI solution (0.1 mg/mL PI, 2 mg/mL ribonuclease A, 0.6% Triton X-100 in PBS) for 30 min at 37°C, spun down, and resuspended in PBS. Samples were acquired with a BCI Gallios Analyzer (Beckman Coulter). Gating strategies to exclude doublets and dead cells (DAPI) were always employed. After staining, samples were acquired using an LSR Fortessa flow cytometer or sorted using a BD Influx cell sorter. Data were analyzed by BD FACS Diva.
Western Blotting, Immunohistochemistry, and Immunofluorescence. For Western blotting, protein lysates were resolved on 4-12% gradient polyacrylamide SDS gels and transferred onto nitrocellulose membranes according to standard procedures. Membranes were incubated with indicated primary antibodies, washed, and probed with HRP-conjugated secondary antibodies. The detection of bands was carried out upon chemiluminescence reaction followed by film exposure. To evaluate PCNA ubiquitination, Triton-soluble and -insoluble fractions (DNase-treated) of GSC lysates were extracted as previously described (45) . For immunohistochemical staining, brain sections were incubated with indicated primary antibodies for 1 h at room temperature or overnight at 4°C after deparaffinization, rehydration, antigen retrieval, quenching of endogenous peroxidase, and blocking. The sections were incubated with HRP-conjugated polymer (DAKO) for 40 min and then with diaminobenzidine using an Ultravision DAB Plus Substrate Detection System (Thermo Fisher Scientific) for 1-10 min at room temperature, followed by hematoxylin staining. Images were captured with a Nikon DS-Fi1 digital camera using a wide-field Nikon EclipseCi microscope. For immunofluorescence, secondary antibodies conjugated with Alexa 488 and 594 (Molecular Probes) were used. Images were captured with a Hamamatsu C11440 digital camera, using a wide-field Nikon EclipseNi microscope.
In Vitro Limiting Dilution and Tumorsphere Formation Assays. GSCs were stained with PI, and PI-negative cells (n > 6) were flow-sorted with a decreasing number of cells per well (100, 10, and 1 cells) plated in 96-well plates. The percentage of wells with tumorspheres was quantified after 10 d. Extreme limiting dilution analysis was performed using software available at bioinf.wehi.edu.au/software/elda/. The tumorsphere formation assay involved seeding GSCs at a density of one cell per microliter, and the number of tumorspheres in each well was quantified after 7 d. In single-cell tumorsphere formation assay, GSCs were stained with Sytox Green and live cells were sorted using FACS into 96-well plates, followed by radiation treatment. Tumorspheres were scanned using a SCREEN Cell 3 iMager plate reader (InSphero) and quantified.
GFP Competition Experiment. GFP-labeled GSCs (n = 50,000) were combined with 50,000 GFP nonlabeled GSCs, which were transduced with nontargeting (NT)/control or PAF shRNAs, and intracranially injected into mice under anesthesia. After 4-5 wk, mice were killed and tumors were harvested for isolation of GSCs. GSCs were transiently (2-3 d) cultured for tumorsphere formation before flow cytometry analysis. Cells were fixed and permeabilized for immunostaining with indicated primary antibodies using a BD Cytofix/Cytoperm Kit (BD Biosciences).
In Vivo Tumor Initiation Assay. , and 1 × 10 3 cells (n = 5-15 mice per group) were counted and intracranially injected into mice. Tumor incidence was determined at indicated time points by luciferase imaging of mice using a Xenogen IVIS instrument (PerkinElmer) according to the manufacturer's instructions. All mouse manipulations were performed with the approval of the MD Anderson Cancer Center IACUC.
Metabolomic Analysis. Metabolomic profiling was performed at the Beth Israel Deaconess Medical Center Mass Spectrometry Core. Polar metabolites were extracted with 80% (vol/vol) methanol (cooled at −80°C) according to established protocols and quantified using a 5500 QTRAP hybrid quadrupole mass spectrometer (46) . Metabolic pathways were identified based on metabolites that were altered and close to each other in the reaction network.
Analysis of Chromosomal Aberrations. Exponentially growing cells were treated with colcemid (0.04 μg/mL) for 2 h at 37°C. The cells were then trypsinized, transferred to 15-mL conical tubes, and centrifuged at 350 × g for 10 min. Cells were resuspended in hypotonic solution (0.075 M KCl) for 15 min at room temperature, fixed in methanol and acetic acid (3:1 vol/vol), and washed three times in the fixative. Air-dried preparations were made, and the slides were stained with 4% Giemsa. The slides were analyzed for chromosomal aberrations, including chromosome and chromatid breaks, fragments, tetraploidy, and fusions. At least 35 metaphases were analyzed from each sample. Images were captured using a Nikon 80i microscope equipped with karyotyping software from Applied Spectral Imaging, Inc.
Immunoprecipitation and Mass Spectrometry. FLAG-PAF was overexpressed in GSCs, and cells were lysed with lysis buffer [50 mM Tris (pH 7.5), 150 mM NaCl, 1% (vol/vol) Triton X-100] supplemented with complete protease inhibitor mixture (Roche). Mouse monoclonal anti-FLAG (Sigma) was added to the cell lysate and incubated overnight at 4°C. After the addition of 30 μL of GammaBind G Sepharose bead slurry (∼50% vol/vol in lysis buffer; GE Healthcare), the resulting mixture was placed on a rocker for 2 h at 4°C. Nonspecifically bound proteins were removed from the beads by washing three times with lysis buffer. Bound proteins were eluted by boiling the beads in SDS loading buffer in the presence of DTT, resolved in SDS/PAGE gel, and detected using silver staining (Pierce). Silver-stained gel pieces were washed, destained, and digested in-gel with 200 ng of trypsin or chymotrypsin (sequencing grade; Promega) for 18 h at 37°C. Resulting peptides were extracted and analyzed by high-sensitivity liquid chromatography/tandem MS on an Orbitrap Elite or Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific) using collision-induced dissociation, higher energy collision dissociation, or electron transfer dissociation. Proteins were identified by database searching of the fragment spectra against the SwissProt (European Bioinformatics Institute) protein database using Mascot (v 2.3; Matrix Science). Typical search settings were as follows: mass tolerances, 10-ppm precursor, 0.8-d fragments; variable modifications, methionine sulphoxide, pyroglutamate formation; up to two missed cleavages for trypsin and up to six missed cleavages for chymotrypsin.
RNA Isolation and qRT-PCR. RNA was isolated with an RNeasy Mini or Micro Kit (Qiagen), and then used for first-strand cDNA synthesis using random primers and SuperScriptIII Reverse Transcriptase (Invitrogen). qRT-PCR was performed using Power SYBR Green PCR Master Mix (Applied Biosystems). Primers are listed in Table S1 . The relative expression of genes was normalized using ribosomal protein LP2 (RPLP2) as a housekeeping gene.
Intracranial Tumor Formation in Vivo. SCID mice (Charles River Laboratories) aged 6-8 wk were bolted as previously described (44) ) were counted 72 h postinfection and grafted intracranially into SCID mice. Animals were maintained until neurological signs were apparent, at which point they were killed. In parallel survival experiments, animals were monitored until they developed neurological signs. Mouse brains were removed by transcardial perfusion with 4% paraformaldehyde (PFA) and were fixed in formalin or postfixed in 4% PFA for processing paraffin-embedded or OCT frozen tissue blocks. All mouse manipulations were performed with the approval of the MD Anderson Cancer Center IACUC.
Statistical Analysis. Data acquisition and analysis were not blind. Tumor-free survivals were analyzed based on the log-rank test using GraphPad Prism 6. All data were analyzed by an unpaired, two-tailed Student's t test (P < 0.05 is considered to be statistically significant). For all experiments with error bars, SD was calculated to indicate the variation within each experiment and data, and values represent mean ± SD.
